Abstract-A new method for evaluation of an anechoic chamber using the matrix pencil method is presented. A signal measured between two antennas placed in an anechoic chamber is sliced into small frequency intervals and is processed using the matrix pencil method. In each interval, the measured signal is decomposed into its propagating-wave components, which correspond to a direct propagation between two antennas and reflected propagating waves from absorbing walls. The ratio of amplitudes of the reflected wave components with respect to the direct path propagation gives a new measure of quality factor for an anechoic chamber.
I. INTRODUCTION
M ICROWAVE anechoic chambers are currently in use for a variety of indoor antenna measurements, electromagnetic interference (EMI) measurements, and electromagnetic compatibility (EMC) measurements. The prime requirement is that a transmitting antenna at one location within a chamber generates a known field throughout a volume of the chamber, which has dimensions sufficient to perform antenna measurements. This volume is frequently called a "quiet zone" and the level of reflected waves within it determines the performance of the anechoic chamber.
A typical anechoic chamber is shown in side view in Fig. 1. Pyramidal horns or open-ended waveguides (OEG's) are used as transmitting antennas with their apertures inside the plane of the absorber points on the chamber wall. The net power delivered to the transmitting antenna is the difference between the incident power and reflected power as measured with a calibrated directional coupler (four ports) with calibrated power meters.
Electromagnetic field measurements in an anechoic chamber are usually performed in the near-field region of a transmitting standard antenna. The approach used to establish the standard field involves calculating the radiated field intensity in the near-field region of the transmitting antenna. The antenna typically used for the anechoic chamber measurements consist of a series of open-ended waveguides at frequencies below 450 MHz and a series of rectangular pyramidal horns above 450 MHz. The failure of an anechoic chamber to provide a truly freespace test environment affects the measurement accuracy. The performance of a rectangular RF anechoic chamber has been typically checked by measuring the relative insertion loss versus separation distance between a source antenna and a receiving antenna [1] .
The parameter ( ) is the ratio of the outgoing power wave at the receiving antenna to the incident power wave at the transmitting antenna [2] . Therefore, antenna insertion loss is the ratio of power delivered to the receiving antenna or probe to the input power of the transmitting antenna. If the anechoic chamber is a perfect free-space simulator, the relative insertion loss between two polarizationmatched antennas varies with distance according to the Friis transmission formula [3] (1)
where is the net power delivered to the transmitting antenna, is the power received by the receiving antenna, is the near-field gain of the transmitting antenna, is the nearfield gain of the receiving antenna, is the distance between the two antennas, and is the wavelength. Experimental data are compared with the calculated free-space transmission loss using appropriate near-field transmitting antenna gains. Disagreement between the measured and calculated transmission loss is a measure of reflection from chamber surfaces. Field strength plotted in Fig. 2 as a function of distance from the horn shows standing waves resulting from chamber reflections [1] .
The purpose of this paper is to present a new anechoic chamber evaluation technique using the matrix pencil method [4] . The measurement strategy is as follows. A system consisting of a transmitting and a receiving antenna is placed in an anechoic U.S. Government work not protected by U.S. copyright. chamber. The -parameters of the system are measured by use of a vector network analyzer in both amplitude and phase to obtain the complex 2 2 matrix. The system is perfectly reciprocal; hence . The measured complex signal of is sliced into small frequency intervals and is decomposed into a small number of complex exponential functions by using the matrix pencil method. The resultant exponential functions are processed in order to identify the terms corresponding to the different propagation components, i.e., the direct wave between the transmitting antenna and the receiving antenna, and the contingent reflected wave components from anechoic chamber walls. To verify whether the propagating components are related to chamber resonance or to antenna mismatch, we apply the decomposition into propagating components on and parameters on the same frequency intervals as . In this case, the propagating components are guided components due to mismatching between the cable and the antenna and between the antenna and free-space. Ideally, and should be independent of the positions of the antennas in the chamber. If resonance or reflections occur in the chamber, the decomposition of and into complex exponential functions will vary with antenna position or polarization. Thus, the analysis of and using the matrix pencil method in conjunction with that of allows us to isolate the influence of the measurement test site.
Once the reflected propagating components have been identified, the performance (a measure of quality factor) of an anechoic chamber is determined by the comparison of the amplitudes of the reflected wave components with respect to the direct wave component. We have previously used the matrix pencil method in the frequency domain to correlate measurements in semi-anechoic and anechoic chambers at resonance-free frequency ranges [5] . It is complementary to the time-domain approaches that we have pursued previously [6] - [8] . In these measurements, the wide-band time-domain reflectometer was used to evaluate the bistatic performance of the scattering coefficients of RF/microwave absorbers. In the time-domain measurements, windowing can be used as a clutter-reduction tool to separate out the desired signal. The matrix pencil method used in the frequency-domain analysis is thought to be more robust to noise [4] . Moreover, the required measurement devices are less elaborate.
II. MATRIX PENCIL METHOD-A REVIEW
Consider a complex function which represents or . We model this function as a sum of complex exponentials (2) The function is sampled at frequency points
The problem now reduces to finding the best estimates for and . This problem can be solved in various ways. Prony's method [9] and the matrix pencil method [4] are among the most common techniques.
The matrix pencil method is conceptually more efficient and more robust to noise [4] and is thus used here. Let , then which can be written as the product
The passage from the th sample to the th sample can be carried out by multiplying (4) by a diagonal matrix having in its diagonal . . .
Define two matrices and
. . . . . . . . .
Using (4) and (5), we can write the above two matrices as follows:
where . . . . . .
. . .
Next, consider the matrix pencil (14) where is the identity matrix. From (14) we can see that if both and , the matrix pencil is of rank , unless and then the rank is . In this case, the 's are the eigenvalues of the matrix equation (15) where is the eigenvector corresponding to . Using the Moore-Pensore pseudo-inverse of [10] , we can find from the eigenvalue equation (16) where can be calculated via the SVD or using the formula (17)
In presence of noise, the choice of gives optimal results [11] . Once the 's are known, the coefficient amplitudes are easily solved from the least-square problem
III. ANALYSIS Consider a system consisting of two log-periodic antennas facing each other in an anechoic chamber. The complex parameters of the system are measured as a function of frequency using a vector network analyzer. The network analyzer was calibrated at the antenna ports. The measured signal was sampled uniformly and the matrix pencil was applied directly to the measured data.
In order to physically identify the propagating components of the measured signal, we decompose into a sum of complex exponentials (19) where 's are complex constants of the form . The 's are damping factors that take into account the attenuation due to propagation, reflections, and antenna factors.
has the dimension of radians-seconds and is related to the propagation time of the th component between the two antennas. The product is related to the phase accumulation due to the propagation between the two antennas and for the direct propagating component ( ) we have mod mod
where is the time needed for the direct propagating component to travel a distance between the two antennas at the velocity of light in free-space . The reflected components include both a phase term due to propagation and a term due to reflections on the anechoic chamber walls.
The coefficients and can be derived by sampling uniformly at frequencies and applying the matrix pencil method to the sampled signal. Here the entire frequency range has been divided into subintervals with a width corresponding to a phase cycle of the direct component. The number of complex exponentials required to accurately decompose the signal over each subinterval is derived using a cutoff criterion in the singular value decomposition (SVD) routine used by the matrix pencil algorithm [4] . The cutoff criterion is determined by a threshold (21) where is the singular value under consideration and the highest singular value. The threshold defines the upper limit for the error introduced by the SVD reconstruction. The value of is inversely proportional to the signal-to-noise ratio (SNR) of the measurements. SNR values of 25 to 30 dB can be easily achieved with the experimental setup and the value of 30 dB has been chosen for throughout this work.
The analyses of and are carried out in addition to that of to ensure that the resonances identified using correspond to the chamber influence and not to antenna mismatch. Antenna mismatch is polarization independent; thus, propagating components varying with the polarization highlight chamber-related resonances. The and decompositions are carried out on the same frequency intervals as and using the same cutoff criterion in the SVD. The resonance in the chamber can modify and in a way depending on the positions of the antennas and, therefore, both of these parameters are processed.
IV. RESULTS
We have used two identical log-periodic antennas for the anechoic chamber evaluation and a vector network analyzer for -parameter measurements. The vector network analyzer was calibrated with reference planes at the antenna input terminals. The anechoic chamber shown in Fig. 1 is constructed within a metal-shielded room approximately 4.9 m high 6.7 m wide 8.5 m long. It is lined with RF absorbing materials on the interior walls, ceiling, and floor to reduce electromagnetic reflections. The absorber used is a commercially available carbon-impregnated fire-retardant urethane foam with pyramid points.
The -parameter measurements between two identical logperiodic antennas placed in the anechoic chamber were performed from 200 to 600 MHz using a vector network analyzer with a 1 MHz step. The -parameter measurements were performed for both horizontal and vertical polarizations of the log-periodic antennas, facing each other, polarization-matched, at a distance of 3 m. The data were decomposed over frequency intervals (windows) of 25 MHz. Thus, each window contained 25 uniformly distributed samples. The coefficients and in (19) were calculated using the matrix pencil method. In each 25-MHz subinterval, is approximated by a sum of complex exponentials, which represent the direct propagation between the two log-periodic antennas and the reflected wave components from the anechoic chamber walls. In frequency intervals where resonance or parasitic reflections occur, a greater number of complex exponentials are found. Fig. 3 shows the amplitude and Fig. 4 the phase of for antennas separated by a distance of 3 m in horizontal polarization. The period in Fig. 3 grows slowly with frequency. This behavior is explained by the fact that the guided and free-space paths between the active regions of the two log-periodic antennas become longer as frequency decreases. Fig. 5 shows the values of the 's and Fig. 6 the magnitude of the transmission coefficients for the horizontal polarization. Each and value in the figures is attributed to the central frequency of the corresponding 25-MHz window. The uncertainty of the frequency location of the resonances is thus of the order of half the window bandwidth. Fig. 6 shows a significant reflected wave, 30% (2.3 dB) relative to the direct component at about 270 MHz. A more significant reflection was observed at about 230 MHz. The magnitude of the reflected wave becomes as large as the direct wave component. This phenomenon at 230 MHz may be related to the anechoic chamber resonance. The insertion-loss measurement between a standard-gain antenna and a probe antenna also indicated this very similar result at 229 MHz [1] . When the theoretical inverse-square curve was fitted to the measurement curves as given in (1), a maximum difference range of 0.6 to 0.6 dB along the boresight axis of the standard gain antenna was observed at 229 MHz. for the vertical polarization. Fig. 9 shows the 's and Fig. 10 the 's for the vertical polarization. We have noticed clear reflection components at around 230, 270, 350, and 500 MHz. This 230-MHz reflection is very consistent with the horizontal result, which may be related to the chamber resonance.
To discriminate between reflections intrinsic to the antennas and reflections due to the test site, similar decompositions were carried out on and . Fig. 11 shows the 's of the reflection coefficient for horizontal and Fig. 12 for the vertical polarization. Additional exponential terms appear in the decomposition for the vertical polarization between 220 and 235 MHz. These terms depend on the antennas locations and highlight the resonance phenomena occurring at these frequencies. Although less important, the same behavior is observed around 270 MHz. Similar results were obtained with the decomposition of . Vertical polarization is generally more sensitive than horizontal polarization in identifying certain chamber imperfections such as an antenna mast, transmitting and receiving cables, and other obstructions that might adversely affect measurements.
V. CONCLUSION This paper described a new systematic measurement technique for the evaluation of an RF anechoic chamber using the matrix pencil method. It is based on a decomposition of the measured signal into its propagating components in the form of complex exponential functions over selected frequency intervals. The proposed method has successfully characterized anechoic chamber imperfections due to poor performance of RF absorbing material, other parasitic reflections and coupling effects.
The proposed method has several attractive features: no a priori knowledge of the system, such as antenna factors or system configuration, is needed. The algorithm requires very little computational resources. Unlike techniques based on Fourier transform of data sampled in the frequency domain, relatively narrow-band signals can be handled adequately. Furthermore, its requirements in terms of frequency-sampling step size remain low. 
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